Organelle positioning and movement in oocytes is largely mediated by microtubules (MTs) and their associated motor proteins. While yet to be studied in germ cells, cargo trafficking in somatic cells is also facilitated by specific recognition of acetylated MTs by motor proteins. We have previously shown that oocyte-restricted PADI6 is essential for formation of a novel oocyte-restricted fibrous structure, the cytoplasmic lattices (CPLs). Here, we show that α-tubulin appears to be associated with the PADI6/CPL complex. Next, we demonstrate that organelle positioning and redistribution is defective in PADI6-null oocytes and that alteration of MT polymerization or MT motor activity does not induce organelle redistribution in these oocytes. Finally, we report that levels of acetylated microtubules are dramatically suppressed in the cytoplasm of PADI6-null oocytes, suggesting that the observed organelle redistribution failure is due to defects in stable cytoplasmic MTs. These results demonstrate that the PADI6/CPL superstructure plays a key role in regulating MT-mediated organelle positioning and movement.
Introduction
While the role of MTs and associated motor proteins in nonmammalian oocyte and early embryonic development is well documented (Elinson and Rowning, 1988; Gard, 1991; Lane and Allan, 1999; Lessman, 1987; Schroeder and Gard, 1992; Yisraeli et al., 1990) , less is known about the MT network during early mammalian development. However, several mouse studies have shown that MTs are required for formation of MT organizing centers and the meiotic spindle apparatus, polar body extrusion, pronuclear migration, and mitotic spindle formation in early embryos (Calarco-Gillam et al., 1983; Maro et al., 1990; Maro and Verlhac, 2002; Schatten et al., 1985) . More recently, oocyte MTs have also been found to drive endoplasmic reticulum (ER) and mitochondrial re-targeting during oocyte maturation (FitzHarris et al., 2007; Mehlmann et al., 1995; Van Blerkom, 1991; Van Blerkom and Runner, 1984) .
MT mediated organelle transport is facilitated by molecular motor proteins such as kinesins, which move along the MT from the minus end to the plus end, and dynein, which moves in the opposite direction (Hirokawa et al., 1998) . Regulation of ATP-ase dependent motor activity is mediated by a wide range of factors including MTassociated proteins, cell cycle regulatory factors, and, more recently, tubulin acetylation (Hammond et al., 2008) . In somatic cells, tubulin acetylation specifically occurs on lysine 40 of alpha tubulin following MT assembly and this post-translational modification was previously documented to be abundantly represented in stable microtubules (Barlan and Gelfand, 2010) . Interestingly, tubulin acetylation has also recently been found by several groups to play a critical role in the trafficking of cellular cargo and organelles by both dynein and kinesin (Cambray-Deakin et al., 1988; Chen et al., 2010; Friedman et al., 2010) . In mammalian oocytes, acetylated tubulin has also previously been associated with stable microtubules at the spindle poles (Schatten et al., 1985) , however, a potential role in cytoplasmic organelle redistribution has not been previously investigated.
We have previously characterized a novel maternal effect gene, peptidylarginine deiminase 6 (PADI6), and found that this oocyteand early embryo-restricted protein localizes to (Wright et al., 2003) , and is required for the formation of, the cytoplasmic lattices (CPLs), a highly abundant poorly-defined structure that is unique to mammalian oocytes and preimplantation embryos (Esposito et al., 2007) . Additionally, we found that the PADI6/CPLs complex appears to contain ribosomal components and to play a role in embryonic genome activation (Yurttas et al., 2008) . Recently, we carried out a non-biased Triton X-100 differential solubility screen of wild-type and Padi6-null oocytes to identify other CPL-associated factors and found that α-tubulin also seems to be associated with the lattices.
In this report we have tested this hypothesis and present experimental evidence indicating that tubulin associates with PADI6 at the CPLs. Further, we also show that loss of the PADI6/CPL superstructure in Padi6-null mice significantly affects ER and mitochondrial positioning, and organelle reorganization during maturation. Next, through use of drugs that alter MT stability and MT motor activity, we show that the ER and mitochondria appear to be "disconnected" from MTs in PADI6-null oocytes. Finally we provide mechanistic insight to these results by showing that levels of acetylated tubulin are severely depleted in PADI6-null oocytes. These findings indicate that the oocyte PADI6/CPL superstructure has a much broader function than previously realized in that they appear to be directly involved in facilitating key MT-mediated events during mammalian oogenesis.
Results and discussion
α-Tubulin co-localizes with PADI6 at the oocyte CPLs
We have previously shown by immuno-EM that PADI6 primarily localizes to the oocyte CPLs and thus can be utilized as a marker for this structure (Wright et al 2003) . To begin testing the hypothesis that the CPLs contain tubulin, we first utilized double immunofluorescence (IIF) labeling procedures using antibodies against PADI6 and α-tubulin and confocal microscopy to test whether α-tubulin and PADI6 co-localized in oocytes and early embryos. Results showed that α-tubulin and PADI6 co-localized throughout much of the cytoplasm and the cortex of mouse oocytes and early embryos ( Fig. 1A and S1A ). As a control, staining was not observed when oocytes were incubated with similar concentrations of either guinea pig or mouse IgG (Fig. S1D-E). We then used the ZEN 2007 LSM 510 co-localization software package to further quantify the degree of colocalization and found that the Manders' overlap coefficient for colocalization of α-tubulin and PADI6 in the oocyte cytoplasm was 0.94 and Pearson's correlation coefficient R for the co-localization was 0.90. While PADI6 and α-tubulin co-localized throughout much of the cytoplasm, PADI6 staining was not observed on MTs at the meiotic and mitotic spindles ( Fig. 1A and S1A, arrows in merge panel of mature oocytes, 2-cell and morulas), suggesting that PADI6 does not associate with α-tubulin at spindle MTs.
While the majority of proteins are extracted from oocytes by Triton X-100, oocyte CPLs are resistant to extraction with this detergent (Gallicano et al., 1991) . Therefore, to more directly test whether α-tubulin and PADI6 co-localized at the CPLs, we then investigated the degree of colocalization between these proteins following Triton extraction. Germinal vesicle (GV) stage oocytes were treated with 0.1% Triton in a MT/CPL stabilizing buffer followed by IIF. Interestingly, we found that, in addition to MT-associated α-tubulin, a significant amount of non-MT-associated α-tubulin was retained in the wild type oocyte cytoplasm and this fraction appeared to co-localize with PADI6 following Triton treatment ( Fig. 1B and S1B, co-localization shown in Fig. 1B while quantitative data is shown in scatter plot in Figure S1B and in Table S1 . Manders' overlap coefficient: 0.97, Pearson's correlation coefficient R: 0.7). As a control, we then investigated whether DDX6 co-localized with PADI6 following Triton extraction. DDX6 has been previously shown to be abundantly expressed in mouse oocytes (Flemr et al., 2010) and is also Triton insoluble (Minshall and Standart, 2004) . Results show that DDX6 (green) distributes throughout the cytoplasm in large aggregates and does not strongly co-localize with PADI6 (red) following extraction (Fig. 1B, zoom panel, bottom right) . The lack of co-localization between PADI6 and DDX6 suggests that the co-localization of PADI6 and α-tubulin is specific and is not due to the non-specific binding of proteins to the Tritonresistant fraction of the extracted oocyte. This finding provides an initial line of evidence that tubulin may form associations with the PADI6/CPL complex. We also found that the cortical fraction of PADI6 and α-tubulin appears to be largely solubilized by Triton X-100 (arrow in top merged panel, Fig. 1B ), suggesting that a subset of these two proteins may also exist in a soluble form at the oocyte and early embryonic cortex.
To more directly test whether tubulin and PADI6 interact, we carried out immunoprecipitation analysis of GV stage oocyte extracts using either pre-immune or immune PADI6 antibody-bound beads to pull down complexes and anti-α-tubulin antibodies for immunoblotting (Fig. 1C ). Results showed that α-tubulin was reactive with an appropriately sized protein (~50 kDa) that was pulled down by the PADI6 immune, but not preimmune antisera. While these results suggest that α-tubulin and PADI6 co-localize and interact, it is possible that they do so at locations other than the CPLs. Therefore, we next carried out co-immuno electron microscopy to investigate whether α-tubulin co-localized with PADI6 at the CPLs. Results showed that both α-tubulin (10 nm) and PADI6 (6 nm) antibodycoated gold particles localized in close association with each other on CPL fibers, while control antibody-coated gold particles were not reactive with the sections (Fig. 1D , right panel). Low (top left) and high (bottom left) magnification images of the lattices are included as a reference. Taken together these results suggest that tubulin interacts with PADI6 and is also a component of the oocyte CPLs.
Ultra-structural studies have found that CPLs are conserved amongst a range of mammalian species including humans (Gallicano et al., 1992) . Therefore, to test whether our findings in the mouse may be relevant to human oocytes, we investigated whether α-tubulin and PADI6 also co-localized in the cytoplasm of mature human oocytes using confocal microscopy ( Figure S1C ). Results confirmed that α-tubulin and PADI6 co-localization patterns in human oocytes were remarkably similar to those of mouse oocytes, supporting the existence and role of a tubulin-containing PADI6/CPL complex in human oocytes.
α-Tubulin solubility is increased in Padi6-null oocytes and embryos
In previous reports (Kim et al., 2010; Yurttas et al., 2008) , we have found that the Triton solubility of CPL-associated proteins is greatly enhanced in mutant oocytes which lack CPLs. This is presumably due to the fact that, in the absence of lattices, CPL-associated proteins do not incorporate into the Triton insoluble structure and are thus more soluble. Therefore, to further test whether tubulin is a component of the oocyte PADI6/CPL complex, we next investigated α-tubulin solubility in wild-type and Padi6-null oocytes and embryos following Triton extraction ( Fig. 1E-G) . As a control, we first compared the localization and levels of α-tubulin in non-extracted oocytes and found little difference between wild-type and Padi6-null oocytes (Fig. 1E, top) . Strikingly, however, while non-MT-associated α-tubulin was retained in the cytoplasm of wild-type oocytes following Triton extraction, most non-MT-associated α-tubulin was released from the cytoplasm of Padi6-deficient oocytes (Fig. 1E, bottom) . This result was further validated by Western blot analysis of the oocyte pellets following Triton X-100 extraction (Fig. 1F ). Results showed a dramatic loss of α-tubulin from the insoluble pellet of Padi6-null oocytes compared to those in wild-type oocytes. The intensities of insoluble α-tubulin bands in wild-type and Padi6-null oocytes were 100.5 and 9.5 units, respectively (Fig. 1G ). As a control, we then investigated the solubility of beta-actin following Triton extraction by both confocal analyses ( Figure S2A ) and Western blot analysis ( Fig. 1F ) and found that the solubility of this protein was not strongly affected by the treatment. Similar to GV oocytes, the non-MT-associated tubulin signal was also lost in Padi6-null mature oocytes and 2-cell embryos ( Figure S2B and S2C). The significant increase of α-tubulin solubility in GV oocytes, mature oocytes, and 2-cell embryos from
Padi6-null females further supports the hypothesis that tubulin is associated with the CPLs. Interestingly, previous studies have found that oocytes from several non-mammalian species contain a non-MT associated particulate tubulin-containing protein complex that likely functions as a tubulin reservoir (Lessman and Kim, 2001; Liu and Lessman, 2007) . A potential evolutionarily relationship between the CPLs and these tubulin-containing particulate structures is currently being investigated.
Meiotic spindle MTs are altered in Padi6-null oocytes
To better understand the possible downstream consequences of altered tubulin solubility in PADI6-null oocytes, we next investigated spindle MT morphology in live and fixed PADI6-null oocytes ( Fig. 2A-B ). Measurements of the dimensions of the spindle apparatus and chromosome alignment are shown in Fig. 2E . We found that spindle MTs were significantly shorter in Padi6-null oocytes than those in wildtype oocytes (22.2 ± 6.4 μm, n = 22, vs. 25.4 ± 3.7 μm, n = 35; P = 0.037). Additionally, we found that the equatorial spindle diameter in Padi6 mutant oocytes was wider than in wild-type (15.3 ± 3.9 μm, n = 22 vs. 12.2± 2.6 μm, n =35; P = 0.003) and that the diameter of the aligned chromosomes parallel to the equator was significantly wider in Padi6 mutant oocytes compared to wild-type (13.7 ± 3.0 μm, n =22 vs. 10.5 ± 2.1 μm, n =35; P b 0.0001). There was no statistical difference in the width of spindle poles and the distance of spindle to cortex between Padi6 wild-type and mutant females (5.2 ± 2.5 μm, n =22 vs. 5.0 ± 2.1 μm, n = 35; 10.3 ± 10.6 μm, n = 22 vs. 10.0 ± 7.9 μm, n =35).
To further investigate meiotic spindle MTs in the absence of PADI6, we probed Padi6-null mature oocytes with antibodies to Aurora kinase A (AURKA), an oocyte MT organizing center-associated serine/ threonine kinase that is important for regulating chromosome and spindle dynamics during meiosis I progression (Saskova et al., 2008; Swain et al., 2008) . Results showed that AURKA signal intensity on the spindle apparatus was reduced in Padi6-null oocytes (Fig. 2C) . In order to investigate whether abnormal spindle assembly in Padi6-null oocytes could lead to defects in chromosome condensation we also probed Padi6-null mature oocytes with antibodies to phosphohistone H3 at Ser10 (pH3S10) as this modification is tightly correlated with chromosome condensation and segregation during mouse oocyte meiosis (Swain et al., 2007) . Results showed that the histone H3 phosphorylation staining pattern appeared more condensed in Padi6-null oocytes compared to wild-type ( Fig. 2D ). Taken together, this confocal data indicate that the spindle MT structure is altered in Padi6-null oocytes. Aberrant ER and mitochondrial positioning and redistribution in Padi6-null oocytes
In mice, oocyte maturation initiates a dramatic MT-mediated reorganization of the ER from a network of dispersed cytoplasmic foci at the GV stage, to a strong concentration of organelles around the nuclear envelope during germinal vesicle break down (GVBD), and finally to a more cortical clustering with concentrations being observed near the spindle in the mature oocyte (FitzHarris et al., 2003 (FitzHarris et al., , 2007 Mehlmann et al., 1995) . To further test the interrelationship between the PADI6/CPL superstructure and MTs, we carried out several experiments examining the effects of loss of PADI6 on organelle positioning and redistribution. We first investigated the distribution of organelles in growing and fully grown milrinone-arrested GV stage oocytes by indirect immunofluorescence confocal microscopy using anti-calreticulin antibodies to stain the ER and anti-Cytochrome C antibodies to stain the mitochondria ( Fig. 3A and S3A ). Consistent with previous reports (FitzHarris et al., 2007; Mehlmann et al., 1995; Van Blerkom, 1991; Van Blerkom and Runner, 1984) , in fully grown wildtype oocytes, the ER and mitochondria were organized in aggregates in the cytoplasm with concentrations of these organelles being found to surround the nucleus. Similar localization patterns were also observed in growing wild type oocytes ( Figure S3A ). In fully grown mutant oocytes, however, the ER and mitochondria were more diffusely organized in smaller foci throughout the cytoplasm and, in the case of mitochondria, concentrations were also found at the oocyte cortex. These results suggest that PADI6 plays an important role in ER and mitochondrial positioning in immature oocytes and that, in the absence of PADI6, organelle distribution becomes more diffuse.
We next investigated whether the PADI6/CPL structure might also play a role in organelle redistribution during oocyte maturation. Wild type and mutant oocytes were collected at 3-hour intervals during meiotic maturation in vitro and the fate of DNA, microtubules, ER, and mitochondria was followed using Hoechst 33 342, Tubulin Tracker, ER Tracker, and MitoTracker respectively (Fig. 3B ). These reagents have been shown by others to specifically target the ER and mitochondria, respectively (Hsieh et al., 2008; Ruiz-Meana et al., 2009; Xu et al., 2007) . For all experiments, the confocal settings were configured to prevent fluorescence dye "bleed-through." To validate these settings, oocytes were stained with each dye separately and images were taken using multiple channels. Each fluorescent signal was found to be well resolved from other signals ( Figure S4A -B). Following 3 hours of culture, a thick ring of ER and mitochondria was seen to circumscribe the nuclear envelope in wild type oocytes. Surprisingly, in mutant oocytes, the majority of ER and mitochondria had migrated to, and accumulated at, the oocyte cortex ( Fig. 3B ). After 6 hours of culture, organelle clusters had migrated towards the center in wild type oocytes while the ER and mitochondria of mutant oocytes remained primarily at the oocyte cortex. By 9 hours, in wild type oocytes the ER and mitochondria were more concentrated at the center of the oocyte and a thin band of ER, but not mitochondria, was observed for the first time in wild-type oocytes in the subcortical region. In mutant oocytes, the organelles were still primarily localized to the cortex in large clusters, with no staining being observed at the subcortical region. At 12 hours, the ER and mitochondria of wild type oocytes appeared to "follow" the MTs and become more concentrated around MI spindle and also formed a thin band at the oocyte subcortex. In mutant oocytes, however, the ER and mitochondria were no longer concentrated at the cortex and had become more evenly distributed throughout the cytoplasm. We next investigated the localization of ER and mitochondria in MII-arrested wild-type and Padi6-null oocytes collected from the oviducts at 13 hour post hCG using antibodies against calreticulin, a major calcium binding protein in the lumen of the ER (Tutuncu et al., 2004) and Cytochrome C, a component of the electron transport chain in mitochondria (Pepling et al., 2007) (Fig. 3C) . In wild-type oocytes, we found that both the ER and mitochondria remained centrally localized with concentrations near the spindle apparatus. Further, increased levels of cortical ER, but not mitochondria, were also observed. In contrast, in mutant oocytes the foci of ER and mitochondria were more diffusely distributed throughout the cytoplasm and neither the ER nor mitochondria were concentrated at the oocyte subcortex.
In order to more directly investigate organelle dynamics in PADI6null oocytes, we next carried out time-lapse image analysis of GV stage oocytes that had been stained with mito-tracker. Results showed that, in wild type oocytes, mitochondria were clearly seen to aggregate in clumps and along tracks (presumably MT-based) throughout the cytoplasm of GV-stage oocytes with a considerable amount of back and forth "jostling" movements being observed for these aggregates (Movie S1). In mutant GV stage oocytes, however, the mitochondria were diffusely localized throughout the cytoplasm with much less movement being observed (Movie S1). To more specifically evaluate organelle repositioning during oocyte maturation, we also generated time lapse movies of oocytes undergoing GVBD. Given that we could not follow the ER or mitochondria with fluorescent probes over long time periods due to quenching, we followed the movement of lipid droplets over time because aggregates of these organelles can be easily visualized in oocytes by light microscopy (Shubeita et al., 2008) . Results showed that, in wild type oocytes, lipid droplets are initially diffusely localized and then begin to form larger aggregates that migrate towards the nucleus and eventually become clustered around the spindle apparatus following GVBD (Movie S2). In null oocytes, however, the lipid droplets are initially localized in clusters throughout the cytoplasm and then are seen to migrate out towards the cortex during GVBD (Movie S2).
To more directly test whether the oocyte CPLs play a role in organelle targeting, we next performed transmission electron microscopy (TEM) morphometric analysis to quantitate levels of mitochondria, ER, and CPLs in ovulated wild-type and Padi6-null mature oocytes (mean ± S.D of percentage per oocyte, number of sections or oocytes) ( Fig. 3D-E) . With respect to oocyte CPLs, results showed that, in wildtype mature oocytes, more lattices were observed at the oocyte cortex (10.59 ± 2.86%, n = 22 vs. 3.53 ± 1.32%, n = 4; P b 0.0001), when compared to the middle of the oocyte while, as we have shown previously, no CPLs were observed in Padi6 mutant oocytes (Esposito et al., 2007; Yurttas et al., 2008) . With respect to mitochondria, in wildtype mature oocytes more mitochondria localized to the middle of the oocyte when compared to the cortex (3.60 ±1.72%, n = 24 vs. 14.25 ± 0.67%, n = 3; P b 0.0001). However, in Padi6-null mature oocytes the mitochondria were more evenly distributed throughout the cytoplasm (6.83 ±1.15%, n = 18 vs. 7.76 ± 1.46%, n = 8; P = 0.138).
Our ER analysis found that, at the TEM level, there was a slight increase in the amount of ER at the cortex of wild type oocytes (6.72 ± 8.35%, n = 21 vs. 3.84 ± 2.20%, n = 3, P b0.05), which may be reflective of the ER aggregates that were observed in the confocal anticalreticulin images. However, we did not detect a redistribution of the ER by TEM in PADI6-null oocytes, but instead, we observed a significant increase in the total amount of ER (9.17 ± 3.76%, n = 3 vs. 23.23 ± 1.85%, n = 5, P b 0.01). We currently do not understand why our EM morphometric analysis does not fully correspond with our confocal anti-calreticulin IF data. However, previous EM analysis of the mature oocyte ER found that the network of smooth ER that is seen in both somatic cells and early stage growing oocytes is replaced by large ER vesicles in the mature oocyte (Wassarman and Josefowicz, 1978) . Thus, it is possible that the anti-calreticulin antibody is not reactive with all forms of ER in the mature oocyte. Additionally, we are also currently investigating why levels of ER are elevated in the cytoplasm of PADI6-null oocytes.
Taken together, our confocal and EM data further support the hypothesis that the PADI6/CPL complex plays an important role in organelle positioning and redistribution during oocyte maturation. Interestingly, the effects of loss of PADI6 on organelle distribution and targeting was penetrant to the point that pooled wild-type and mutant GV stage oocytes could be easily sorted based on their ER and mitochondrial staining patterns. This strong phenotype is in contrast with the Padi6-null defect at the spindle, which, while significant, was less pronounced. Based on these observations, we hypothesize that the PADI6/CPL complex is more directly involved in the regulation of cytoplasmic MT function as opposed to spindle MT function. This prediction is supported by our observation that, while PADI6 colocalizes with tubulin throughout much of the cytoplasm, PADI6 appears to be excluded from the spindle MTs. In further support of this prediction, we also found that the localization of gamma tubulin (an MTOC and meiotic spindle marker) (Combelles and Albertini, 2001) , during maturation does not appear to be greatly affected by the loss of PADI6 ( Figure S3B ). In light of these observations, and given the strong apparent cytoplasmic MT defects in mutant oocytes, it is possible that the observed Padi6-null spindle defects are actually not caused by direct effects on spindle MTs, but instead are mediated by the inability of the spindle to appropriately mature in the context of a cytoplasm that lacks functional oocyte lattices. MT-mediated organelle transport is defective in Padi6-null oocytes Given the above observations, we next decided to more directly evaluate whether the role of the PADI6/CPL complex in organelle positioning and redistribution was dependent upon cytoplasmic MTs. For these experiments wild-type and Padi6-null MII-arrested oocytes were treated with DMSO carrier alone (Fig. 4A ) or DMSO plus taxol (Fig. 4B ) and the localization of MTs, ER and mitochondria was then evaluated by confocal microscopy. Anti-α-tubulin antibody staining revealed that spindle MTs and cytoplasmic MT asters were greatly increased in both wild-type and Padi6-null oocytes, when compared to DMSO treated oocytes (Fig. 4B) . Regarding the effects of taxol on organelle distribution, live staining results showed that organelles in taxol-treated wild type oocytes were seen to concentrate around the hyperpolymerized spindle MT (arrows in top merged panel, Fig. 4B ) and strongly co-localize with a subset of cytoplasmic aster MTs (arrows in top merged panel, Figure S4C ). However, in taxol-treated Padi6-null oocytes, the ER and mitochondria do not undergo MT-mediated redistribution following taxol treatment and remain diffusely localized throughout the cytoplasm (Fig. 4B, bottom panels) . To further, test whether the observed organelle positioning defects in PADI6-null oocytes involved MTs, we also treated oocytes with two MT depolymerizing agents, nocodozole (Schatten et al., 1985) (Fig. 4C ) and vinblastine (Lehtonen, 1985) (Fig. 4D ) and evaluated the effects of these drugs on mitochondrial localization in wild type and PADI6-null oocytes using MitoTracker. Results showed that, while both reagents effectively depolymerized MTs (as seen by the absence of tubulin tracker signal) and disrupted mitochondrial localization in wild type oocytes, they did not significantly affect the localization of mitochondria in PADI6-null oocytes. These results indicate that while PADI6-null oocytes appear to have an active MT network (as demonstrated by the hyperpolymerized MTs), organelle redistribution in these oocytes is defective. The inability of organelles to be "pulled along" by MTs in mutant oocytes in these experiments suggests that the tubulin-containing PADI6/CPL complex plays a role in mediating the association of ER and mitochondria with cytoplasmic MTs during oocyte maturation.
Levels of acetylated tubulin are dramatically reduced in the cytoplasm of Padi6-null oocytes Regulation of ATP-ase dependent MT motor activity is mediated by a wide range of factors including MT-associated proteins, cell cycle regulatory factors, and, more recently, tubulin acetylation (Barlan and Gelfand, 2010) . In somatic cells, tubulin acetylation specifically occurs on lysine 40 of α-tubulin following MT assembly and this posttranslational modification was previously documented to be abundantly represented in stable microtubules (Hammond et al., 2008) . Interestingly, tubulin acetylation has also recently been found by several groups to play a critical role in the trafficking of cellular cargo by both dynein and kinesin (Cambray-Deakin et al., 1988; Chen et al., Fig. 4 . Alteration of MT polymerization does not induce organelle redistribution in Padi6-null oocytes. MTs were stained using an anti-α-tubulin antibody in PFA-fixed oocytes while the ER and mitochondria were stained using ER Tracker (red), Mito Tracker (magenta). (A) Control experiment documenting the localization of MTs, ER, and mitochondria in wild type MII-arrested oocytes following DMSO treatment. (B) Localization of MTs, ER and mitochondria in wild type and PADI6-null oocytes following taxol treatment. Arrow indicates taxol-induced organelle clustering around the enlarged wild-type oocyte spindle apparatus. (C) Distribution of mitochondria in wild type and PADI6-null oocytes following nocodazole treatment. (D) Same as (C) except oocytes were pretreated with vinblastine. Mitochondria in (C) and (D) were visualized using Mito Tracker. All oocytes were stained with Hoechst 33 342 (blue) to visualize DNA. See also Figure S4 . 2010). Further, a very recent report has demonstrated that ER movement occurs along stable acetylated MTs in somatic cells. These investigators also show that mitochondria are found to be directly associated with the ER on acetylated MT (Friedman et al., 2010) . In mammalian oocytes, acetylated tubulin has also previously been associated with stable microtubules at the spindle poles, however, a potential role in cytoplasmic organelle redistribution has not been previously investigated (Schatten et al., 1985) .
Given these observations, and our observed links between tubulin and the CPLs, we next investigated whether acetylated tubulin might Fig. 5 . Padi6-null oocytes display reduced levels of cytoplasmic acetylated α-tubulin and treatment of these oocytes with MT motor inhibitors does not affect organelle distribution. (A-F) Confocal IIF and western blot analysis of acetylated α-tubulin localization and levels in wild-type and Padi6-null GV-stage (A-B), MII-arrested oocytes (C-D), and TSA-treated in vitro matured oocytes (E-F). Cytoplasmic acetylated tubulin was indicated by arrows. (G-H) Effect of MT motor inhibitors on organelle distribution in oocytes. Padi6 wild-type (G) and mutant (H) GV-stage oocytes were cultured with the MT motor inhibitors, vanadate or AMP-PNP, for 3 hours, stained with Tubulin Tracker (green), ER Tracker (red), Mito Tracker (magenta), and Hoechst 33342 (blue), and imaged by confocal microscopy. See also Figure S5. be altered in PADI6-null oocytes, thus providing a potential mechanistic explanation for the observed organelle distribution defects. We carried out IIF and western blot analysis on oocytes using anti-acetylated tubulin and found that levels of cytoplasmic acetylated tubulin were reduced in PADI6-null GV and MII-stage oocytes (Fig. 5A-D) . This apparent decrease in staining was particularly evident in MII-arrested oocytes where almost no signal was observed outside of the meiotic spindle apparatus (Fig. 5C ). In order to confirm that the cytoplasmic anti-acetylated tubulin signal was specifically due to reactivity with acetylated tubulin, we next in vitro matured oocytes with the HDAC inhibitor, trichostatin A (TSA) (Hubbert et al., 2002) , and then probed the oocytes with antiacetylated tubulin. IIF and western analyses found that TSA treatment strongly enhanced the cytoplasmic signal and the appropriately sized band in both wild type and PADI6-null oocytes (Fig. 5E-F and Figure  S5 ). These findings indicate that, while PADI6-null oocytes appear to contain normal levels of acetylated tubulin at the meiotic spindle, tubulin acetylation in the oocyte cytoplasm is strongly suppressed (arrows in Fig. 5C ). Further, these results also support the hypothesis that PADI6 and the CPLs play a key role in facilitating and/or maintaining MT acetylation in the oocyte cytoplasm.
Several potential mechanisms are envisioned by which PADI6 and/or the oocyte lattices could facilitate the formation of stable acetylated microtubules. Given our finding that a subset of alpha tubulin appears to co-localize with PADI6 at the CPLs, our current working hypothesis is that the lattices may function as a nucleating site for the generation of stable microtubules in the oocyte cytoplasm. Further, we predict that as opposed to MTOCs, which mediate MT spindle assembly (Schuh and Ellenberg, 2007) , this distinct set of stable microtubules will be found to primarily function in organelle redistribution and possibly other cytoplasmic maturation events. Alternatively, it is also possible that the lattices function as a signaling scaffold that is required for posttranslational modification of cytoplasmic microtubules during the assembly of stable MTs. We are currently carrying out experiments to test these different hypotheses.
Inhibition of the MT motors, dynein and kinesin, does not affect organelle targeting in Padi6-null oocytes MT mediated organelle transport is facilitated by molecular motor proteins such as kinesins, which move along the MT from the minus end to the plus end, and dynein, which moves in the opposite direction (Thaler and Haimo, 1996) . We predicted that the observed organelle redistribution defects in PADI6-null oocytes were caused by the inability of organelles to associate with MTs due to a depletion of cytoplasmic acetylated MTs. If this prediction was correct, then one would also predict that kinesin and dynein trafficking would be defective in PADI6-null oocytes since these motors utilize acetylated MT for transport (Reed et al., 2006) . To test this hypothesis, we treated wild type and PADI6-null oocytes with vanadate (which inhibits the ATP-ase activity of dyenin) and AMP-PNP (which inhibits the ATP-ase activity of both dynein and kinesin (Harrison and Huebner, 1997) and then investigated the effects of these inhibitors on organelle distribution using ER and Mito Tracker (Fig. 5G-H) . We found that, while these drugs altered ER and mitochondrial distribution in wild type oocytes as predicted (Fig. 5G) , these regents did not appear to strongly effect organelle distribution in PADI6-null oocytes (Fig. 5H) .
Conclusion
This report documents the novel finding that, in addition to its previously described role in ribosomal storage, the cytoplasmic lattices also appears to contain a significant pool of Triton insoluble α-tubulin. Further, our findings also demonstrate that the PADI6/CPL complex plays a critical role in the regulation of MT-mediated organelle positioning and redistribution during oocyte maturation.
We then show that tubulin acetylation is strongly depleted in the cytoplasm of PADI6-null oocytes suggesting that the PADI6/CPL complex may regulate organelle positioning and redistribution by facilitating the formation of stable acetylated MTs. While we currently do not fully understand how PADI6 and the CPLs regulate tubulin acetylation, our findings provide new insight into the regulation of MT-mediated trafficking events in mammalian oocytes. Additionally, given that, similar to poor quality human oocytes, Padi6 mutant oocytes also display a non-polarized diffuse ER and mitochondrial localization pattern, our findings also raise the possibility that the PADI6/CPL complex may function as an important marker for oocyte quality. Finally, given the lack of organelle polarity in PADI6-null oocytes, our findings also suggest that the PADI6 and the CPLs may function as important mediators of cell fate during early development.
Materials and methods

Animals
The generation of the Padi6-deficient mouse strain has been described previously (Esposito et al., 2007) . CD-1 mice were purchased from Charles River Laboratories. All mice were housed in the Cornell University Animal Facility (Ithaca, NY) and procedures using these mice were reviewed and approved by the Cornell University Institutional Animal Care and Use Committee. Studies were performed in accordance with the Guiding Principles for the Care and Use of Laboratory Animals.
Oocyte and embryo collection and culture
All experiments were performed using age-matched Padi6 +/+ and Padi6 −/− females (age 4-7 weeks) primed with gonadotrophins to obtain fully-grown GV oocytes, ovulated oocytes, and embryos. All oocytes and embryos were collected in M2 medium (Sigma) unless otherwise stated. Culture medium was supplemented with 25 mM of milrinone (Sigma) to inhibit GVBD. For in vitro maturation (IVM) and live staining experiments, GV oocytes were further cultured in MEM-alpha medium (Invitrogen) supplemented with 5% fetal bovine serum (FBS, Atlanta Biologicals).
Immunofluorescence, scanning confocal microscopy, and co-localization
Indirect immunofluorescence labeling confocal microscopy was undertaken as described previously with a slight modification (Yurttas et al., 2008) . For Triton extraction experiments, oocytes and embryos were incubated first for 10 minutes in extraction buffer containing 0.1 M KCl, 20 mM MgCl 2 , 3 mM EGTA, 20 mM HEPES (pH 6.8), 0.1% Triton X-100 (Sigma), 1× Complete Protease Inhibitor Cocktail (Roche) then rinsed quickly three times in DPBS before fixation in 4% paraformaldehyde (PFA, EM Sciences) in PBS. Guinea pig anti-PADI6 (1:1000) (Wright et al., 2003) , mouse anti-α-tubulin (1:1000) (T5168, Sigma), normal guinea pig Ig G (1:1000) (Santa Cruz), normal mouse IgG (1:1000) (Santa Cruz) rabbit-anti-DDX6 (1:500, Bethyl Laboratories), mouse anti-Aurora A kinase (1:200, Abcam), rabbit anti-phospho-histone H3 (ser10) (1:50, Upstate), goat anti-calreticulin (1:20, Santa Cruz), mouse anti-Cytochrome C (1:50, BD Pharmingen), rabbit anti-acetylated H4K5(1:50, Abcam), and mouse anti-acetylated tubulin (1:200, Sigma) antibodies were used. Images were obtained on LSM 510 laser scanning confocal microscope (Carl Zeiss, Germany) equipped with Zen 2007 software for image processing and co-localization analysis. Co-localization coefficient represents the relative number of co-localizing pixels in PADI6 channel or α-tubulin channel as compared to the total number of pixels above threshold. Manders' overlap coefficient indicates an actual overlap of signals, represents the true degree of co-localization. Pearson's correlation coefficient describes the correlation of the intensity distribution between PADI6 and α-tubulin channels.
Human oocytes were obtained for research after informed patient consent under a protocol approved by The New York Presbyterian Hospital-Weill Medical College of Cornell University Institutional Review Board. Mature failed to fertilize human oocytes were fixed in 4% PFA and processed for indirect immunofluorescence labeling confocal microscopy. Images were obtained on LSM 510 confocal microscope (Carl Zeiss, Germany).
Immuno-electron microscopy
Superovulated oocytes were collected and fixed immediately in 4% paraformaldehyde (PFA) and 0.5% glutaraldehyde (EM Sciences) in PBS buffer for 2 hours. After washing in PBS, oocytes were rapidly dehydrated through an ethanol concentration gradient and embedded in LR White (EM Sciences). Thin sections (60 nm) were cut using a diamond knife (Diatome) on an ultramicrotome (Sorvall MT6000) and placed on nickel grids. For immunostaining, grids were incubated with blocking buffer (EM Sciences) followed by primary antibodies including guinea pig anti-PADI6 (1:50), mouse anti-α-tubulin (1:50, Sigma) or pre-immune sera as negative controls. After incubation, grids were washed and incubated with secondary antibodies containing goat anti-mouse IgG complexed with 10 nm gold (1:100, EM Sciences) and goat anti-guinea pig labeled with 6 nm gold (1:100, EM Sciences) followed by washes with 1% Tween 20 in PBS and ddH 2 O. Sections were contrast-enhanced using 2% uranyl acetate, washed with ddH 2 O, and air-dried. Samples were visualized on a FEI Tecnai T-12 transmission electron microscope (FEI) operated at 120 KV and equipped with iTEM and TIA imaging software.
Immunoprecipitation GV stage oocytes were isolated from the ovaries of CD1 females and washed with ice-cold PBS before being placed in lysis buffer consisting 0.5% Triton and 1× Complete Protease Inhibitor Cocktail in PBS for 30 minutes on ice. Lysate was centrifuged and supernatants were pre-cleared with pre-imunue serum and protein A Sepharose beads. After clearing, supernatants were then incubated either with guinea pig anti-PADI6 antibody or pre-immune serum for 2 hours at 4°C and further incubated with protein A Sepharose (GE Healthcare). The immune complex was pelleted, washed, and were resolved by SDS-PAGE and immunoblotted with anti-α-tubulin antibodies, as described below. The blot was then probed with peroxidaseconjugated goat anti-mouse IgG light chain secondary antibody (1:20 000, Jackson ImmunoResearch Laboratories) to reveal tubulin staining.
Electron microscopy
Electron microscopy (EM) was performed as described elsewhere (Gallicano et al., 1991; Yurttas et al., 2008) . Samples were visualized, captured, and stored on a FEI Tecnai T-12 transmission electron microscope (FEI) operated at 120 kV and equipped with iTEM and TIA imaging software.
Immunoblotting
Oocytes were lysed in Laemmli loading buffer and analyzed on SDS-PAGE gel. Proteins were separated at 120 V for 1 20 minutes and then transferred to a PVDF membrane. All blots were blocked with 5% nonfat dry milk in TBS containing 0.1% Tween-20 (TBST, Sigma), washed three times with TBST and incubated with guinea pig anti-PADI6 antibody (1:20 000), mouse anti-α-tubulin (1:8000, Sigma), mouse anti-acetylated tubulin (1:500, Sigma), and rabbit anti-betaactin (1:500, Abcam). Blots were then washed and incubated with 1:20 000 dilution of peroxidase-conjugated secondary antibodies (Jackson ImmunoResearch). Immobilon Western HRP Chemilumines-cent Substrate (Millipore) was applied to the washed membranes and the film was developed.
In vitro culture and live staining of oocytes
For MT and organelle staining, GV oocytes were collected in M2 medium with 25 μm milrinone and cultured in MEM alpha plus 5% FBS at 37°C in an atmosphere of 5% CO 2 , 5% O 2 and 90% N 2 . Oocytes were then stained at different time points for analysis. Briefly, oocytes were cultured in MEM alpha containing 250 nM of MitoTracker Deep Red 633 (Invitrogen), 1 μM of ER-Tracker Red (Invitrogen), 500 nM of Green Tubulin Tracker for 30 minutes at 37°C, 5% CO 2 , and 1 μg/ml of Hoechst 33342 (Sigma) was added during the last 10 minutes incubation. In the case of drug treatment, 10 μM of taxol (Sigma) was added to the culture medium for 15 minutes prior to the addition of dyes for organelle staining. After incubation, cells were washed and attached to the glass bottom of MatTek culture dishes (Ashland, MA). Digital images were recorded on the Zeiss LSM 510 confocal microscope. In the multicolor labeling experiments, the confocal configuration was set up to avoid the bleed-through of fluorescence dyes.
Meiotic metaphase-II spindle analysis
Analysis of MII spindle MTs was undertaken using published techniques (Kan et al., 2008) . Oocytes were incubated with a 1:500 dilution of mouse monoclonal antibody to α-tubulin (Sigma) and 1:500 dilution of anti-PADI6 antibody. Images were scored on a Zeiss LSM 510 scanning confocal microscope using Zen 2007 software.
Morphometric analysis
Six Padi6 +/+ and six Padi6 −/− oocytes (originating from two different females per group) were utilized for these studies with 7 images being scored per oocyte. Oocyte images were taken at a magnification of 15 370× using a 1989 grid containing points spaced at 0.5 cm. Morphometry was then performed and the area of each oocyte was determined by counting the number of points that land on the oocytes image. Next, the number of points occupied by each organelle within the oocyte image was counted. Knowing the area of each oocyte section and the area of each organelle, a comparable percent was calculated per organelle. Data were compiled and analyzed using Microsoft Excel 2003. Comparisons were made using unpaired t-test. The threshold of statistical significance was set at P b 0.05.
Manipulation of MTs and MT motor proteins
For the MT perturbation experiments, drugs were prepared in DMSO at high concentrations and then stored at −20°C. Mature oocytes were isolated wild-type and PADI6-null females and incubated for 45 min-1 hour in MEM-alpha media supplemented with DMSO, Taxol (10 μM), nacodazole (20 μg/ml), or vinblastine (10 μg/ml), respectively. The live oocytes were then incubated with Mito or ER tracker and imaged by confocal microscopy. For the motor protein inhibition experiments, GV-stage oocytes were cultured with DMSO, sodium orthovanadate (500 μM), or AMP-PNP (2 mM) for 3 hours followed by live staining and imaging as described above. For the TSA treatment experiments, GV-stage oocytes were cultured in MEM-alpha media supplemented with 5% FBS and TSA (100nM) for 18 hours at 37°C in an atmosphere of 5% CO 2 , 5% O 2 and 90% N 2 . The in vitro matured oocytes were then collected for IIF or Western blot analysis.
Statistical analysis
All experiments used for quantification were repeated at least three times. Data were compiled and analyzed using Microsoft Excel 2003. Comparisons were made for the length of spindle, the width of spindle poles, the width of spindle equator, the width of chromosome alignment, the distance of spindle to cortex in Padi6 wild-type versus mutant mature oocytes, and the polyspermic fertilization using unpaired t-test. The threshold of statistical significance was set at P b 0.05.
Appendix A. Supplementary material
Supplementary materials related to this article can be found online at doi:10.1016/j.ydbio.2010.11.033.
